Abstract-The
of guinea pig taenia coil, which might be due to calcium ion mobilized from intracellular store sites. Caffeine contraction induced in normal solution at 32'C was decreased in the presence of papaverine but increased after the removal of papaverine, and it was also increased when the muscle was preincubated with papaverine and then washed out. These papaverine actions were inhibited at low temperature.
Caffeine contraction induced in
Ca-free, depolarizing solution was also enhanced by treatment with papa verine during Ca-loading.
Cyclic AMP and its dibutyryl derivative produced a similar effect on the caffeine contraction induced in normal or Ca-free, depolarizing solution as those of papaverine. In addition, a good correlation was observed between the papaverine-induced increases in caffeine response and in tissue cyclic AMP level. From these results, it is considered that papaverine increases cyclic AMP of the taenia coil, and this increased cyclic AMP stimulates accumulation of calcium ion into its storage sites from where calcium ion was released by caffeine, finally leading to smooth muscle relaxation.
A number of attempts have been made in order to elucidate the mechanisms of smooth muscle relaxation induced by papaverine. Effects of papaverine on the calcium move ment of smooth muscle have been extensively studied (1-5) because muscle relaxation is generally accepted to be initiated by decreasing cytoplasmic calcium ion levels of the muscle cells (6) . Recent investigations have shown that the calcium uptake of the microsomal fraction isolated from smooth muscle cells is accelerated by papaverine (1) (2) (3) . Since the acceleration of microsomal calcium uptake will lead to an increase in sequestration of cytoplasmic calcium ion to intracellular storage sites, the effect of papaverine on the calcium uptake of the microsomal fraction may cause smooth muscle relaxation. However, direct evidence that the action of papaverine on the calcium sequestration contributes to muscle relaxation in intact smooth muscle cells has not been provided.
Caffeine has been demonstrated to induce contraction of guinea pig taenia coil by releasing calcium ions from its intracellular binding sites (7, 8) . In our present work, we aimed to explore the mode of action of papaverine through analyzing its effects on the caffeine-induced contraction of guinea pig taenia coli.
MATERIALS AND METHODS
Male guinea pigs weighing 300 to 450 g were killed by a blow on the head, and the taenia coil was isolated from the colon. The strip of taenia coil was placed in a 10 ml organ bath filled with a bathing solution which was kept at selected temperatures (12', 27' and 32 °C) and bubbled with air. The compositions of the bathing solutions used were as follows (in mM): Locke-Ringer solution (normal solution) consisted of NaCI, 154; KCI, 5.6; CaCi2, 2.2; MgC12, 2.1 ; NaHC03, 5.9; and glucose, 2.8. For Ca-free K-rich Locke-Ringer solution (Ca-free K solution), NaCI and NaHC03 were replaced with isosmolar KCI and KHC03, respectively, and CaCi2 was omitted. The bathing solutions were changed every 5 min unless otherwise noted. The response of the taenia coli was recorded isotonically on a smoked drum by means of a lever loaded with 0.5 g.
After the taenia coil was equilibrated for 1 hr in normal solution kept at a given temperature, 5 mM caffeine was repeatedly applied at intervals of 30 min until the caffeine-induced response became constant, and the following experiments were then performed. 1. Effects of papaverine on caffeine response in normal solution:
The taenia coil equilibrated in normal solution at 12'C or 32'C was treated with papaverine in two different procedures.
In the first procedure, the taenia coli was treated with papaverine for 5 min, and then applied with 5 mM caffeine in the presence of papaverine. The second procedure was as follows: the taenia coil was preincubated with papaverine for 10 min and washed out with the normal solution. Ten min after the washout, 5 mM caffeine was applied. Caffeine responses of the taenia coil before and after these treat ments with papaverine were compared. The taenia coil equilibrated in normal solution at 32°C was preincubated with cyclic AMP or dibutyryl cyclic AMP for 10 min, washed with the normal solution for 10 min, and then applied with 5 mM caffeine. In some experiments, cyclic AMP was accompanied by a concomitant application of papaverine.
3. Effects of papaverine, cyclic AMP, and dibutyryl cyclic AMP on caffeine response in Ca-free K-solution:
The taenia coil equili brated in normal solution at 27'C was exposed to Ca-free K-solution, allowed to stand in this solution for 10 min, and then applied with 5 mM caffeine. This caffeine induced contraction was taken as the standard response. After resting the muscle in the Ca-free K-solution for 15 min, the taenia coli was treated with 1 mM CaCi2 for 10 min and subsequently washed with the Ca-free K-solution for 10 min (Ca-loading process). Then, 5 mM caffeine was applied to the muscle. The Ca-loading was repeated 3 times at intervals of 30 min. At the second Ca-loading process, the taenia coil was incubated with or without papaverine, cyclic AMP, or dibutyryl cyclic AMP during the treatment with CaCi2.
4. Effects of papaverine on tissue cyclic AMP level in Ca-free K-solution: The taenia coil loaded with CaC12 as described above and applied with papaverine was frozen by immersing it in liquid nitrogen. Tissue con centrations of cyclic AMP were determined by the method of Gilman (9) using a test kit for determination of cyclic AMP (Boehringer Mannheim GmbH-Biochemica).
The radio activity was counted with an Aloka liquid scintillation counter (model LSC 670) in toluene scintillator. For these experiments, paired strips of the taenia coil isolated from one caecum were used. Tables 1 and 2 .
The contraction of the taenia coil induced by 5 mM caffeine at 12°C was slightly smaller than that obtained at 32°C. When the taenia coil was preincubated with 6x10-5 M papaverine at 12°C and then washed out with the normal solution, papaverine caused no increase, but decreased the caffeine response (Fig. 2) . The caffeine contraction induced at 12°C in the presence of papaverine was not decreased (Fig. 1) . The results are summarized in Tables 1 and 2. 2. Effects of cyclic AMP and dibutyryl cyclic AMP on caffeine response in normal solution:
When the taenia coli was pre incubated with 3 x 10-4 M cyclic AMP at 32'C and then washed out with the normal solution, the caffeine-induced contraction was increased significantly. The degree of increase in the caffeine contraction was smaller than that by papaverine. The con comitant use of 3 x 10-4 M cyclic AMP and 6x10-6 M papaverine produced more sig nificant increase in tine caffeine contraction than by single use of papaverine or cyclic AMP. Preincubation with dibutyryl cyclic AMP increased the caffeine-induced con traction, and the degree of the increase was larger than that by cyclic AMP. The results are summarized in Table 2. 3. Effects of papaverine, cyclic AMP, and dibutyryl cyclic AMP on caffeine response in Ca-free K-solution: Figure  3 shows the responsiveness of the taenia coil in Ca-free K-solution at 27'C. When the muscle bathed Caffeine (5 mM) was applied to the taenia coli which was treated with drugs during Ca-loading in the same procedure as shown in Fig. 3 . Percent increases of the contractions were estimated by comparison with those of paired strips induced after treatment with or without drugs. Each value represents the mean±S.E. of 6 experiments.
As compared with the coresponding controls, significant differences are observed in all cases. Data of the potentiating effect of papaverine on caffeine contraction were also shown in Table 3 . Papaverine at 6x10-6 M and 6 x 10-5 M increased the tissue cyclic AMP level by 44.4% and 87.0%, respectively. in normal solution was exposed to the Ca-free K-solution, a large phasic contraction took place; but the muscle tone returned to the initial level during washing with the Ca-free K-solution. Application of 5 mM caffeine after the return of the muscle tone evoked a contraction of the taenia coll. However, the taenia coil no longer responded to caffeine applied after the muscle had been washed out with the Ca-free K-solution. The respon siveness of the taenia coil to caffeine was restored by loading the muscle with 1 mM CaCl2 for 10 min. Although a large con traction occured during the Ca-loading, it promptly returned to the basal level by washing with the Ca-free K-solution. When papaverine was applied to the muscle for the latter 5 min of the 10 min Ca-treatment period, the CaCl2-induced contraction was abolished; but the contractile response of the taenia coil induced by application of caffeine after the Ca-loading treatment was enhanced by the presence of papaverine. This enhancing effect of papaverine was dose-dependent in the concentration range from 6x10-6 M to 6X10-5 M (Table 3) . Cyclic AMP (3X10_4 M) and dibutyryl cyclic AMP (10-4 M) also increased the caffeine contraction induced in the Ca-free K-solution when they were applied to the taenia coli instead of papa verine during the Ca-loading process. As shown in Table 3 , the effect of dibutyryl cyclic AMP was significantly larger than that of cyclic AMP.
4. Effects of papaverine on tissue cyclic AMP level: Figure 4 shows the effect of papaverine on the tissue cyclic AMP content of the taenia coll. The tissue cyclic AMP content was examined in the muscle treated with 1 mM CaCl2 in the presence or absence of papaverine as described in Fig. 3 
DISCUSSION
It is well recognized that the contraction of smooth muscle is initiated by calcium ion supplied to the contractile protein in the same manner as in skeletal muscle (6) . However, the sources of calcium ion supplied are different in both muscles, that is, sarcoplasmic reticulum is the only source for the calcium ion in skeletal muscle (6), but both intracellular and extracellular calcium sources have been proposed to contribute to smooth muscle contraction (10) . Although caffeine is well known to induce contraction by releasing calcium from the sarcoplasmic reticulum in skeletal muscle, in the case of smooth muscle, which source of calcium is utilized on caffeine-induced contraction has not been identified. In our preliminary work, it was found that the caffeine-induced con traction of guinea-pig taenia coli was scarcely depressed by D-600, a well-known calcium antagonist, but high potassium-induced con traction was markedly reduced by D-600; and it was observed that caffeine evoked a contraction of the muscle even in Ca-free, depolarizing solution (unpublished data). From these findings, we suggest that caffeine may induce the contraction of the taenia coli mainly by releasing calcium ion from intracellular storage sites. Endo and his co workers (7, 8) also claimed that the con traction of the taenia coli induced by caffeine may be due to a release of calcium ion from some storage sites, and this was based on observations that caffeine could elicit con tractions in the muscle suspended in Ca-free, depolarizing solution and in the chemically skinned muscle fiber.
Since the amplitude of the muscle con traction should be proportionally related to the concentration of free calcium ion in the cytoplasm (8) , determination of the change in the amplitude of the muscle contraction will make it possible to estimate a relative change in the concentration of cytoplasmic calcium ion. Therefore, an increase in the amplitude of the contraction induced by caffeine may represent an increase in the quantity of intracellularly stored calcium which is mobilized by caffeine.
In the present work, the caffeine-induced contraction was shown to be enhanced when the taenia coli was treated with papaverine (Tables 1, 2 , and 3). This fact suggests that papaverine may stimulate an accumulation of cytoplasmic calcium ion to its storage sites and increase the quantity of calcium ion released intracellularly by caffeine. If this is the case, papaverine must cause relaxation of the smooth muscle prior to increment of caffeine contraction since the enhanced calcium accumulation could produce a decrease in cytoplasmic calcium ion level. In fact, the caffeine-induced con traction of the taenia coli was inhibited in the presence of papaverine, but enhanced after removing papaverine by washing the muscle as shown in Fig. 2 and Table 2 . Furthermore, when papaverine was applied to the taenia coli during the Ca-loading, papaverine caused relaxation of the muscle contracted by CaC12; and after the removal of papaverine by washing the muscle, the caffeine-induced contraction was enhanced as compared to that obtained in the muscle loaded with calcium in the absence of papaverine ( Fig. 3 and Table 3 ). Bolton (1 1) also asserted that binding or sequestration of calcium ion into intracellular storage sites could be important not only for terminating contraction, but also because such bound calcium may be available for subsequent contraction.
The accumulation of cytoplasmic calcium to intracellular storage sites is presumed to couple with an energy dependent process (12) . Therefore the calcium accumulation is expected to be depressed at a low temper ature such as 12°C. In fact, when the bathing temperature was lowered to 12'C, the effect of papaverine on the caffeine contraction of the muscle was abolished. As shown in Figs. 1 and 2 , the caffeine contraction of the muscle was not decreased in the presence of papaverine at 12 °C; and in addition, the caffeine contraction was not enhanced but rather decreased after preincubation with papaverine. These findings suggest that the increasing effect of papaverine on caffeine response may be related to its action on a temperature sensitive calcium accumulation process. Hurwitz et al. (12) reported that ATP dependent calcium binding in the microsomal fraction is markedly inhibited when the incubation temperature was lowered from 32°C to 10°C.
Several workers obtained evidence sug gesting that an increase in the cyclic AMP level of smooth muscle cells leads to the muscle relaxation (13) (14) (15) . It is well known that papaverine increases intracellular cyclic AMP level by inhibiting the phosphodies terase which hydrolyzes cyclic AMP (16) . Recent studies have revealed the existence of a good correlation between papaverine induced smooth muscle relaxation and intra cellular cyclic AMP increase (17) (18) (19) (20) . It was also reported that dibutyryl cyclic AMP mimicks the effects of papaverine on the electrical and mechanical responses of smooth muscle (21) . In the present experments, it was shown that cyclic AMP and its dibutyryl derivative produced similar effects as those of papaverine on the caffeine-induced con traction (Tables 2 and 3) and that a combind use of cyclic AMP and papaverine induced a much larger effect as compared with that by papaverine alone (Table 2) . Furthermore, a good correlation was observed between the papaverine-induced increases of caffeine response and of the cyclic AMP level (Fig. 4) . These findings strongly suggest that the enhancing effect of papaverine on caffeine response may be closely related to the increase in intracellular cyclic AMP level . Casteels and Raeymaekers (22) found that isoprenaline augmented the carbachol re sponse elicited in Ca-free medium when the drug was applied to the taenia coli during Ca-loading. On the basis of this finding, they suggested that the augmentation of the carbachol response may result from an increase in the amount of intracellularly stored calcium; and the increased uptake of calcium ion into the storage sites may lead to the smooth muscle relaxation. Although they did not mention about the mechanism of the isoprenaline action, it is probable that the uptake of calcium ion may be caused by a similar mechanism to that of papaverine since the activation of Q-adrenoceptors by isoprenaline also results in elevation of cytoplasmic cyclic AMP level. Therefore, the finding of Casteels and Raeymaekers may also support our concept that the increase in cellular cyclic AMP accelerates the seques tration of calcium ion.
Marshall and Kroeger (19) and Inatomi et al. (20) demonstrated that the smooth muscle relaxation induced by papaverine was preceded by an increase in intracellular cyclic AMP level. Furthermore, cyclic AMP has been found to stimulate calcium ac cumulation of microsomal fractions obtained from various smooth muscles (1, 12) . There fore, it is considered that papaverine first increases cyclic AMP level of the taenia coli and the increased cyclic AMP then stimulates sequestration of calcium ion into its storage (5) reported that papaverine re laxes the depolarized taenia caecum of the guinea pig through a cyclic AMP independent mechanism which inhibits tissue uptake of extracellular calcium ion. Generalizing from the above described facts, papaverine is likely to induce smooth muscle relaxation through its combined actions such as stimu lation of calcium sequestration, acceleration of Ca-efflux, and inhibition of Ca-influx.
